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Edited by Jesus AvilaAbstract Ezrin–radixin–moesin protein family provides a regu-
lated link between the cortical actin cytoskeleton and the plasma
membrane. Phosphorylation of ezrin has been functionally linked
to membrane dynamics and plasticity. Our recent study demon-
strated that phosphorylation of the conserved T567 residue of ez-
rin alters the physiology of gastric parietal cells. However, the
molecular mechanism of phosphorylation-induced ezrin activa-
tion has remained elusive. Here we use atomic force microscopy
(AFM) to probe phosphorylation-mediated activation of ezrin in
single molecules. The phospho-mimicking and non-phosphoryla-
table mutant ezrin proteins were generated and puriﬁed to homo-
geneity. Comparative analyses of two ezrin mutants by AFM
demonstrate the unfolding of the N- and C-terminal domains
upon the phospho-activation. To measure the physical force
underlying the inter-domain contact during mechanical unfold-
ing, we probed the deﬁned region of ezrin using the N-terminal
ezrin coated onto the AFM tip. Comparative force measure-
ments indicate that T567 phosphorylation-induced unfolding of
ezrin favors the inter-molecular association. Taken together,
these results provide molecular illustration of phosphorylation
elicited functional activation of ERM proteins and indicate that
stimulus-induced protein conformational change can be used as a
signaling mechanism orchestrating cellular dynamics.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The functions of an epithelium depend on the polarized
organization of its individual epithelial cells. The acquisition
of a fully polarized phenotype involves a cascade of complex
events, including cell-cell adhesion, assembly of a lateral corti-
cal complex, reorganization of the cytoskeleton, and polarized
targeting of transport vesicles to the apical and basolateral
membranes [1]. Ezrin is an actin-binding protein of the ERM
(ezrin/radixin/moesin) family of membrane-cytoskeleton linker
proteins which localized primarily to the apical membrane of
epithelial cells [2].
Phosphorylations on serine and/or threonine have been
shown to have direct eﬀects on the functional activities of ezrin
[1,2]. Recently, we carried out molecular dissection of such a
phospho-regulation of ezrin in parietal cell activation and re-
vealed that Ser66 plays an essential role in the apical mem-
brane expansion in response to histamine stimulation [3].
Phosphorylation of the conserved Thr567 residue of ezrin
has been shown to alter the intra-molecular association of ez-
rin and promote the formation of actin-rich surface projections
in other cells [4,5]. Interestingly, phosphorylation of ezrin on
Thr567 produces an inhibition of acid secretion by repolarizing
the gastric parietal cell [6]. However, it is still not clear how
phosphorylation of ezrin orchestrates such phenotypic
changes.
Biochemical analyses together with the crystal structure of
N-terminal moesin complex with its C-terminal tail reveals
that the FERM domain has three compact lobes including
an integrated PTB/PH/EVH1 fold, with the C-terminal seg-
ment bound as an extended peptide masking a large surface
of the FERM domain [7]. This extended binding mode sug-
gests a novel mechanism for how diﬀerent signals could pro-
duce varying levels of activation [2,7]. However, it remained
elusive as how such phosphorylation remodels ezrin molecule
plasticity.
To illustrate the molecular basis of ezrin activity regulated
by T567 phosphorylation, we chose high resolution atomic
force microscopy (AFM) to visualize the structures of ezrin
wild-type, non-phosphorylatable ezrin T567A and phospho-
mimicking ezrin T567D molecules. In addition, we carried
out single-molecular pulling experiments with concomitant
measurement of the distance between two attachment points
and the force needed to extend the molecules [7–9]. Ouration of European Biochemical Societies.
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teins indicate that phosphorylation at Thr567 induces an in-
tra-molecular unfolding. Thus, our analysis provides
molecular illustration of phosphorylation-elicited functional
activation of ezrin associated with cytoskeletal dynamics and
plasticity.2. Materials and methods
2.1. Puriﬁcation of recombinant ezrin proteins
Recombinant wild type ezrin together its phospho-mimicking
(T567D) and non-phosphorylatable (T567A) mutants were expressed
in bacteria as histidine-tagged fusion proteins exactly as previously de-
scribed [20]. Puriﬁed ezrin was eluted with 250 mM imidazole and then
applied to a gel ﬁltration column to remove imidazole. The fusion pro-
tein was estimated to be 90–95% pure judged by SDS–PAGE; the ma-
jor contaminants were degraded fragments of ezrin. Protein
concentration was determined by Bradford assay.
GST-ezrin (N-FERM) was produced as described previously [3], and
cleaved by Thrombin CleanCleave Kit (Sigma Chemicals) to prepare
puriﬁed N-FERM protein according to the product manual.
2.2. Sample preparation, imaging and data processing
Puriﬁed protein samples were diluted to 1 · 108 M in Milli-Q water
and placed on ice. Ten ll of protein sample was added onto a mica sur-
face that had been pre-treated with 10 mM spermidine. After 10 min,
the mica surface was gently washed with water and dried by nitrogen
gas. The AFM imaging was performed with Nanoscope IIIa (Digital
Instrument, CA) with a type E scanner under the Tapping ModeTM
in air at room temperature. The AFM probes made of single silicon
crystals with a cantilever length of 129 lm and a spring constant 33–
62 N/m (OLYMPUS) were used. Images were collected in height mode
and stored in the 512 · 512 pixel format. The images obtained were
then plane ﬁtted and analyzed by the computer program accompany-
ing the imaging module.
2.3. Force measurement
Glass substrate was functionalized with 3-aminopropyltrietoxysilan
(APTES) (Sigma Chemical Inc.) for 1 h by vapor deposition. Proteins
(150 ng/ll) were mixed with 0.5% glutaraldehyde and immediately
dropped on the amino functionalized grass substrate and incubated
for 15 min at room temperature.
The functionalized cantilever was made as described in Yoshimura
et al [16]. APTES (Sigma Chemical Inc.) was immobilized by vapor
deposition on the AFM cantilever OMCL-TR-400 PSA (Olympus
Co. Ltd.), which is made of silicon nitride. The cantilever was im-
mersed in 5 mg/ml maleimide-dPEG12-NHS ester (Quanta BioDesign
Ltd.), which was dissolved in chloroform containing 0.7% triethyl-
amine, for 2 h at room temperature. The PEG-immobilized cantilever
was incubated with 10 mM glutathione (GSH) (Nacalai Tesque Inc.)
pH 7.2 for 1 h at room temperature. For measurement, the GSH-cou-
pled cantilever was immersed in GST-N-FERM solution (10 lM) for
1 h at 4 C and used immediately for the measurement.
Force measurement was performed in PBS (pH 7.5) at 25 C using
Molecular Force Probe 3D (Asylum Research). The spring constant
of the cantilevers applied was 20 pN/nm, which was calibrated using
the equipartition theorem to the thermal noise spectrum [20]. The load-
ing rate was set for 2000 pN/s. Only force-distance curves contains at
least consecutive rupture events were selected for analysis.3. Results and discussion
3.1. Single molecule imaging of ezrin unfolding in response to
Thr567 phosphorylation
To probe the possible molecular plasticity changes of ezrin
in response to Thr567 phosphorylation, we carried out AFM
study using recombinant ezrin proteins that mimic non-phos-
phorylatable (T567A) and phosphorylated (T567D) ezrin.
The recombinant proteins were produced in bacteria and puri-ﬁed to the homogeneity judged by SDS–PAGE (Fig. 1A). The
images shown in Fig. 1C–E represents typical structures seen
in T567A, T567D and wild-type ezrin preparations.
We obtained images of individual recombinant ezrin pro-
teins by using scanning AFM which revealed overall elongated
structures with diﬀerent lengths and heights. A globular region
is located at the end of a central shaft and the height of the lar-
ger blob is 0.4–0.9 nm. Given the heterogeneity, we measured
the height of ezrin structures randomly selected to make unbi-
ased histograms based on measurement of over two hundred
ezrin molecule structures. Our measurement indicates that
heights of ezrin molecules fall into four categories with diﬀer-
ent values of 0.40, 0.52, 0.64 and 0.82 nm (Fig. 1B).
Height information is essential but not suﬃcient to distin-
guish molecular structures as some molecules containing two
heads linked by a narrow band (Fig. 2A and B), or one head
followed by a short tail (Fig. 2E). To illustrate ezrin structures,
AFM images of ezrin molecules were sorted into diﬀerent
groups according to their heights (Fig. 2A–F). Height informa-
tion of each group was selected from each category to generate
statistic histograms which provide us with exact values to com-
pare and analyze. Crystallographic study shows that activated
radixin exists as a linear structure with globular domains at
both ends [10]. As expected, similar linear structure of ezrin
was also enriched in phospho-mimicking ezrin (T567D), indi-
cating that a conformational change of ezrin associated with
its phosphorylation at Thr567 (Fig. 3B).
As shown in Fig. 2A and B, the height of the larger blob is
0.6 nm, and the height of the opposite end is 0.4 nm. Based on
the fact that the predicted globular region of N-terminal is sig-
niﬁcantly larger than that of C-terminal [7], we conclude that
large blob corresponds to the N-terminal of ezrin. Interest-
ingly, almost 50% of the T567A molecules existed in a partially
but not completely closed state (Figs. 2C and 3A), which is dis-
tinctly diﬀerent from an early prediction based on biochemical
assays [10]. This partially closed structure contains a higher
C-terminal globular domain (H3 = 0.52 nm) with a shorter
a-helical region. After a series of analyses, we conclude that
only the association of C-terminal globular domain with the
a-helical region can produce structure with such a conﬁgura-
tion (Fig. 2C). Interestingly, the closed-form structure was
found in all three ezrin samples with a height of 0.82 nm
(H4; Fig. 2D) despite the fact that both wild type (WT;
Fig. 3C) and T567A (Fig. 3A) contain high proportion of
the closed form (37%). Representative structure shown in
Fig. 2E provides direct evidence of the binding ability between
N-FERM and C-ERMAD. This structure seems unstable as
the a-helixes are completely exposed without any safeguard.
On the other hand, the association of N-FERM with pre-
folded C-ERMAD can provide a stably closed form (Fig. 2D).
Previous biochemical studies indicate the a-helical region is
not suﬃcient to drive dimmer formation [11]. Fig. 2F shows
that ezrin molecules can form an anti-parallel dimmer. The
two globular domains of ezrin molecule have similar volumes
but two distinct heights because their diﬀerent arrangements
of associated N-FERM/C-ERMAD domains on mica surface.
The anti-parallel dimmers were found both in ezrin wild-type
and T567D molecules, indicating the formation of anti-parallel
dimmer requires a complete unfolding of ezrin molecules.
Based on the analysis, structures in these ﬁve groups were
annotated as followings (Fig. 2G): OMM (opened monomer),
CMM (closed monomer), A-PDM (anti-parallel dimmer),
Fig. 1. Single molecular studies of ezrin in vitro. (A) Recombinant ezrin proteins were puriﬁed to homogeneity as determined by SDS–PAGE and
stained by Coomassie blue. From left to right, they are His-T567A, His-T567D, His-ezrin wild-type, GST-N-FERM, N-FERM. (B) Statistic
histogram of single molecule height (nm): wild type ezrin, T567A and T567D. The four peak values are 0.40, 0.52, 0.64 and 0.82 nm. (C)–(E)
represent the AFM images of T567A, T567D and wild type ezrin molecule structures. Lower magniﬁcation, Bar: 200 nm; higher magniﬁcation, Bar:
25 nm.
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Fig. 2. Single-molecular analyses of ezrin topology. (A)–(F) represent height measurement of typical structures existing in all three samples. (G)
represents the peak values of structure heights shown in (A)–(F) followed by a denomination of these structures. (H) Working model accounts for
ezrin folding and activation. A 2-step folding model illustrates how dormant ezrin molecule is folded. In the activation model, interaction of PIP2
with N-FERM is necessary for the disruption of N–C oligomerization, which is required for Thr567 phosphorylation.
3566 D. Liu et al. / FEBS Letters 581 (2007) 3563–3571BMM (bent monomer), and H-CMM (half-closed monomer),
respectively. In addition to these ﬁve groups, we also noticedCDM (closed dimmer) and PM (polymer) structures in wild-
type ezrin preparation. Since their heights have exceeded the
Fig. 3. Regulation of ezrin molecular unfolding by phosphorylation.
(A)–(C) represent proportion dissections of diﬀerent structures in
T567A, T 567D and wild type ezrin. The histogram in A indicates H-
CMM is the main existing state of T567A, comprising 48% of all
particles. About 70% T567D molecules exist as OMM which is the
activated form of ezrin (B). Almost 75% wild type ezrin molecules exist
as CMM and CDM. (D) and (E) are length analyses of OMM and H-
CMM followed by a model of these two kinds of molecules. The
lengths’ peak values in OMM are 15.31, 20.55, 25.45, 30.65, 35.56,
40.56 nm, and in H-CMM are 13.92, 18.85 nm. Note a 5 nm space
among various structures. (F) and (G) provide working models
accounting for ezrin function in orchestrating membrane-cytoskeletal
dynamics in response to stimulation.
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structure without precise measurement of their volumes (they
are about 4–6 times taller than that of CMM based on a rough
estimation). It is likely that CDM may be formed by an inter-molecular association between the N and C terminus in an
anti-parallel conﬁguration.
Among all the structures examined under the AFM, half-
closed monomer (H-CMM) appears as an intermediate
between OMM and CMM. Examination of various ezrin
structures led us to propose a 2-step folding model to account
for the ezrin molecule activation induced by T567 phosphory-
lation (Fig. 2H). In the resting state, ezrin is initially folded via
the association of C-ERMAD with a-helical region followed
by a second association of N-FERM/C-ERMAD, which forms
a completely closed ezrin molecule (Fig. 2H; top panel). Dur-
ing the process of ezrin activation, modiﬁcation of the N-ter-
minus such as PIP2 binding disrupts the N-FERM/C-
ERMAD contact to allow Thr567 in C-ERMAD to be ex-
posed for subsequent phosphorylation. This phosphorylation
subsequently releases the extreme carboxyl terminal region
for the F-actin binding. This model explains why PIP2 binding
is required for Thr567 phosphorylation and subsequent activa-
tion of ezrin for actin-binding [12].
H-CMM structure was mainly found in non-phosphorylata-
ble mutant T567A (Fig. 3A and E). According to the structure
of inactive ezrin proposed in the model, Thr567 should be
masked completely in closed form of ezrin. It is likely that
the Alaine mutation on Thr567 might induce conformation
and charge variance on C-ERMAD, resulting in a reduced
binding aﬃnity between N-FERM and mutated C-ERMAD.
As phosphorylation of Thr567 disrupts the C-ERMAD-a-
helix association, the conformational change would make it
impossible to maintain an N-FERM/C-ERMAD association,
and thus 70% of T567D molecules exist in a completely
OMM conformation (Fig. 3B). To analyze them eﬃciently,
we used the length between the N and C globular domains
as a determinant. The cores of N and C globes were chosen
as starting and ending points, and measurements were per-
formed along the a-helical band. Analyses of more than two
hundred structures revealed some H-CMM conformations,
suggesting that H-CMM might be an intermediate between
CMM and OMM.
3.2. Comparison of OMM with H-CMM reveals a novel
mechanism underlying ezrin molecular activation
AFM revealed an elongated structure of OMM with an
overall length of 15–45 nm. Statistic analysis indicated the
length of OMM falls into six sizes with the length of 15.31,
20.55, 25.45, 30.65, 35.56, 40.56 nm. In contrast, there were
only two diﬀerent sizes in half closed monomer with the length
of 13.92 and 18.85 nm. The most striking thing is a 5 nm inter-
val between two adjacent peaks both in OMM and H-CMM
structures (Fig. 3D, E). These six peaks in opened monomer
conformation suggest that the coiled-coil region (297–465aa)
of ezrin molecule contains at least ﬁve free a-helical structures
in which each helix extends about 5 nm. However, there was
only one a-helix extension found in half closed monomer con-
formation. Together with previous analyses, we propose the
association of C-ERMAD with a-helical region inhibits the
extension of at least four a-helix structures. Because of this
bending of C-ERMAD, the length of H-CMM is shorter than
corresponding OMM structures.
Biochemical studies suggested that monomeric ezrin is active
and constitutes a link between plasma membrane to actin ﬁla-
ments in microvillus [13,14]. Electron microscopic analyses
indicated that the distance between the plasma membrane
Fig. 3 (continued)
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microvilli [15]. Given the molecular length of opened monomer
(extended from 15 to 40 nm; Fig. 3D), monomeric form of ez-
rin is suﬃcient to bridge the plasma membrane and actin ﬁla-
ments. We reason that this ﬂexible characteristic of ezrin
allows it to function as a spring between plasma membrane
and actin-based cytoskeleton to quickly remodel plasma mem-
brane in response to stimulation (Fig. 3F and G).
3.3. Force-extension curves in response to phosphorylation
Phosphorylation of ezrin is correlated with and is essential
for membrane-cytoskeletal remodeling in parietal cell activa-tion [1,3,6]. To determine whether the force changes associated
with molecular dynamics of ezrin in response to Thr567 phos-
phorylation, force measurement assays were performed in the
selected region of protein. GST-N-FERM was used as bait and
ﬁxed onto AFM tips by GST-glutathione association [16].
Three diﬀerent substrates: N-FERM, T567A and T567D ezrin
proteins were conjugated to the amino-modiﬁed glass surface,
respectively (Fig. 4A–C). After MPF 3D processing (Fig. 4D
and E), about thirty force curves (5% of total) were believed
reﬂecting the true forces between bait and substrate for each
sample and made into histograms according to their force val-
ues.
Fig. 4. Regulation of ezrin elasticity and extensibility by phosphorylation Histograms in (A)–(C) represent rupture force values measured between
GST-N-FERM and T567A, T567D, and wild type ezrin, respectively. The experimental patterns indicate the possible binding fashions of N-FERM
with the free domains on glass surfaces. (D) and (E) show two representative force–distance curves measured by MPF 3D. (D) represents the
ﬁrstpeak value in all three histograms (15 pN). (E) represents the second peak value in T567A and T567D samples. (F) and (G) summary of the
rapture force values: N–N, 15 pN; N–C, 30 pN. (H) Distribution of ezrin T567A to the apical membrane of polarized MDCK cells. H,K-ATPase
marksapical membrane. Bar: 10 lm. (I) Distribution of ezrin T567D to the basolateral membrane of polarized MDCK cells. Bar: 10 lm.
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tants, and only one peak in N-FERM. This result is reason-
able as N-FERM was used as a control to identify the
rupture force between N terminals of ezrin molecule. Thus,
we can conclude that the ﬁrst peaks in both T567A and
T567D were also produced by the interaction of GST-N-
FERM and free N-FERM domains in the two substrates be-
cause they have same values as N-N rupturing force
(15 pN, Fig. 4D, F and G). An obvious diﬀerence was no-
ticed between the second peaks among the two histograms.
Both of the peaks have the same value of 30 pN, but the
one in T567D is far more enriched than in T567A. After a
statistic analysis of the information shown in Fig. 3A–C,
we believe the only explanation of this phenotype is due to
the diﬀerent portions of free C-ERMAD domains existing
in T567A and T567D mutants. Our survey revealed that only
15% T567A molecules exist as OMM structure with free
C-ERMADs while 70% of T567D molecules exhibit such a
structure with free C-ERMADs. The diﬀerent proportion of
free C-ERMAD domains resulted in diﬀerent frequency of
the 30 pN force in the two histograms. As summarized in
Fig. 3A, OMM and H-CMM represented 15% and 48%
H-CMM of ezrin T567A structures.
If both OMM and H-CMM contain an exposed N-FERM
domain, the N-FERM (GST-ezrin1–300) immobilized on the
AFM tip should exhibit similar binding force on OMM and
H-CMM structure. As shown in Fig. 4A, the binding force be-
tween AFM tip and ezrin1300 fusion protein on glass surface
is 15 pN. No obvious force curve was detected between AFM
tip and GST protein on glass surface, indicating this 15 pN
represents force between N-FERM and N-FERM association.
As expected, this 15 pN binding force was also detected with
AFM on OMM and H-CMM structures which conﬁrmed thatboth OMM and H-CMM contain a free N-FERM domain
(Fig. 4B and C). In addition, AFM detects a 30 pN force be-
tween the tip and OMM of ezrin structure which is enriched in
T567D preparation (Fig. 4E–G). This force is likely produced
by the N-FERM and C-ERMAD association. For the third
peaks of 60 pN force shown in Fig. 4B and C, they are most
likely to be unspeciﬁc rupturing forces and are hard to deﬁne.
N-FERM domains’ binding ability to those a-helixes associ-
ated with C-ERMADs has been greatly reduced as we did
not ﬁnd any other distinct force peak in T567A which indicates
the rupture force between them should be less than 10 pN
(measurement limit of AFM).
Our force measurement experiments conﬁrm the proportion
dissection of diﬀerent structures in T567A, T567D and ezrin
wild-type (Fig. 3A–C), provide a force-level explanation for
the existence of H-CMM in T567A and also a strong support
for a new activation model. Although remarkable progresses
have been made toward a better understanding of ERM pro-
tein function, the molecular function of ezrin and its regulation
remains less characterized. One major hurdle is the lack of
atomic structure of full-length ezrin although the structural
information of N-FERM and C-ERMAD has been revealed
[6,17–19]. The statistical analysis of ezrin under AFM revealed
that the a-helical region is quite a dynamic structure formed by
at least ﬁve similar a-helixes and acts importantly between
plasma membrane and actin cytoskeleton. We suspect that
the kinetic characteristics namely the dynamic nature of the
a-helix and the various structures existing in ezrin wild-type
(Fig. 3C), make it hard to generate homogeneous size of the
crystals of full-length ezrin.
Although one layer of ezrin is long enough to form a link be-
tween plasma membrane and the actin cytoskeleton in micro-
villi, it is also possible that ezrin may also function as
oligomers functioning importantly in other tissues. In fact,
our study indicated that ezrin oligomers of T567D formed
by activated ezrin molecules through inter-molecule N–C olig-
omerization (Supplementary Fig.), which facilitates the exten-
sibility for membrane-cytoskeletal remodeling.
We try to corroborate the idea that the phospho-regulation
of ezrin conformation seen in vitro represents functional spec-
iﬁcity of ezrin phosphorylation in vivo, and asking if phos-
phorylation of Thr567 changes the plasticity of ezrin in
polarized epithelial cells. To this end, polarized MDCK cells
stably expressing apical marker H, K-ATPase were transiently
transfected to express CFP-tagged T567D and T567A. Confo-
cal microscopic analyses revealed that T567A localizes apical
membrane (Fig. 4H) like endogenous ezrin (data not shown).
However, T567D exclusively distributes to the basolateral
membrane (Fig. 4I), consistent with our early observation of
repolarization of T567D in parietal cells [6].
Mechanical interactions between the plasma membrane and
underlying actin-based cytoskeleton orchestrate regulated
secretion in epithelial cells and cell migration [1]. Phosphoryla-
tion-dependent membrane remodeling regulates ezrin molecu-
lar dynamics and plasticity. We speculated that the dynamic
extensibility induced by phosphorylation shown here may
facilitate the elongation of microvilli. Our data therefore pro-
vide direct evidence for a phosphorylation-regulated molecular
plasticity of ezrin in orchestrating plasma membrane dynam-
ics. This AFM analysis of single molecule also establishes a
generally applicable protocol for mapping functional confor-
mational changes to deﬁned regions of a protein.
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